This paper discusses NASTRAN finite element analysis of the Sub-scale Beryllium Mirror Demonstrator (SBMD), which has been developed by Ball Aerospace as an experimental lightweight (9.76 kg/m 2 areal density) design concept for the Next Generation Space Telescope (NGST). The mirror was repeatedly subjected to a 30 K environment in the large cryogenic test chamber at Marshall Space Flight Center (MSFC). Deformations on the mirror surface were measured optically. The surface distortions predicted by NASTRAN were analyzed for comparison with the measured values. Model results compared more favorably with measured results for the ambient temperature cases. For the cryogenic cases, the influence of geometry and material property variations was investigated to obtain closer correlation.
MODEL DESCRIPTION
The SBMD assembly hardware is shown in Figure 1 Table I , and the weight of the mirror is in Table II . Section properties of various components are contained in Table III. A tripod with three flexure legs attaches to the back of the mirror at three mounting feet. The tripod mounting holes are located at mid-span of a cell wall. The tripod's apex is aligned with the mirror centerline to accommodate a force actuator to change the radius of curvature (RoC). The tripod was installed without an actuator for cryogenic testing. There are three equally spaced bipods that attach the mirror to the beryllium back-plane. Each bipod is fastened to the back rim of the mirror at two mounting feet. The apex of each bipod is fastened to the back-plane. The tripod and bipods are titanium as are the fasteners that attach them to the mirror and back-plane. They are represented with beam elements.
After model results were obtained with various load cases applied, it was determined that the beryllium mirror model should be re-generated with a higher density finite element mesh. Several differences between the initial model and the drawing were incorporated into the new model. The number of grid points within each triangular cell on the mirror surface increased from three to 61 for increased accuracy of inter-cell deformations. These do not include the points at the intersections of the mirror surface and cell walls. The total number of grid points in the mirror model increased from 2055 to 9195. Points on the mirror surface increased from 572 to 5051. The mirror is represented with 8825 isoparametric quadrilateral plate elements, 20 triangular plate elements and 134 beam elements (fasteners, mounting and non-mounting posts). The NASTRAN finite element model is shown in Figure 2 . Results for numerous load cases were obtained and analyzed for mirror surface distortions.
After some initial cases were run on this model, it was found that another modification to the model significantly improved the results to better agree with the measured values. The modification involved the incorporation of the tripod and bipod mounting feet. The tripod flexure legs are offset from their bolted attachments by 12.7 mm long mounting feet. The bipod flexure legs are offset by approximately 20.8 mm. The incorporation of these feet introduced an additional bending moment in the cell walls, which changed the predicted surface distortions. 
RESULTS
Three load cases were selected for analysis to allow correlation of the NASTRAN model with measured experimental data: 1) Changing the mirror's radius of curvature via the application of an axial load at ambient temperature.
2) Surface gravity sag deformation at ambient temperature.
3) Cryogenic surface deformation from ambient to 30 K (with and without gravity). Also, in an early attempt to explain the presence of cryo-quilting or print-through, several special CTE variation test cases were analyzed.
Ambient Cases

Horizontal actuator force
To model SBMDs influence function response to an axial load for changing the mirrors RoC, a force was applied to the model at the tripod apex and at ambient temperature. The force was directed towards and perpendicular to the mirror. No other forces were applied. The aluminum stand was constrained at its bottom surface. The model deformed as expected; that is, the mirror bent and moved away from the test stand, and the tripod flexure legs bent radially outward.
Figures 3-5 and 7 display PATRAN displacement and stress contour plots of the SBMD model and the mirror surface NASTRAN results. These are shown for information only and cannot be compared with measured results since no structural measuring devices (deflection or strain gages) were attached during testing.
The mirror surface distortion can be determined from the NASTRAN surface displacement results by fitting Zernike polynomials to the surface and removing certain low-order terms. These results can then be compared with measured test results. Figure 6 and Figures 8-10 are surface distortion contour plots generated with the Integrated Optical Design and Analysis (IODA) code developed for MSFC by SRS Technologies. 2 The predicted values are compared with the measured values in Table IV. Table IV indicates that the predicted low-frequency surface changes, which dominate in this case, closely approximate the measured values. However, the correlation is not as good for the high-frequency residual errors. An even higher fidelity model would be required to accurately predict the high-frequency changes. The effect of the tripod on the mirror surface stress is clearly evident in Figures 7, 9 and 10. The effect shown in Figure  7 is the sign reversal of radial stress on the surface due to the bending moment on the cell walls from the tripod feet. In Figures 9 and 10 the effect is also a sign reversal of P-V surface error. It is also interesting to note the similarity between the radial stress contours in Figure 7 and the surface error contours in Figure 10 . Figure 11 shows the measured result for this load case with 36 Zernike terms removed. Although the magnitudes are different, the contours of the distortion compare well with the prediction in Figure 10 and the measurement in Figure 11 . Note that the signs are reversed between these two plots due to the sign convention in IODA. 
Gravity deadweight
To model SBMD's gravity sag surface deformation, a vertical 1G-gravity load (deadweight) was applied to the structure. The aluminum test stand was constrained in the same manner as above. The overall structure deformed as expected, that is the mirror and back-plane sagged vertically and tilted as seen in Figure 12 . Predicted results are shown in Figures 12-17 and compared to measured results in Table V. Table V indicates the predicted surface error results closely approximate the corresponding measured results. The contours and magnitudes generated by NASTRAN in Figure 18 are identical to those in Figure 20 produced by the Zernike representation. The effect of the tripod and bipods on mirror surface stress is clearly seen in Figures 19 and 23 . Another effect of the bipods is the trefoil distortion seen in Figure 22 . The cryo deformation measured between ambient and 34 K is shown in Figures 24 and 25 . 3 These two figures can be directly compared to Figures 22 and 23 (except they have the opposite sign). The model predicts the trefoil pattern caused by the bipods although the predicted magnitude is a bit low. The model also predicts the high-frequency deformations at the bipod feet. However, it does not predict the large dimple seen just to the right of center in Figure 24 or the print-through of the triangular rib structure seen in Figure  25 . It is believed that these changes may be related to variable material properties (i.e., CTE) in the beryllium as will be discussed further below. The model was also run using non-uniform temperatures (max gradient <3 K) as predicted by thermal analysis and as measured on the part during testing (15 temperature sensors distributed over mirror and stand). No significant differences from these uniform temperature results were seen. 
30 K plus deadweight
The gravity sag was effectively removed from the measured values in Tables IV and VI above. This was accomplished by taking the difference between two measured values with gravity. For the actuator load case, the measured results are for the difference between the actuated and un-actuated cases. For the cryo case, the measured results are for the difference between the cryo and ambient temperature cases. In an effort to determine the effect gravity has on the model results for the cryogenic temperature load case, a gravity deadweight load was applied simultaneously with the cryogenic temperature case. Results are shown in Figures 26-31 and compared with the measured values from the cryogenic test in Table VII . In this case, the measured results are for the absolute figure at cryo. The results appear to be the expected superposition of the previous two cases. Gravity has the most effect on the lower order errors, mainly astigmatism, but also creates some changes in the higher order errors around the bipods. As before, the correlation is good for the low-order changes, but the high-order printthrough is not accurately predicted by the model.
30 K with CTE Variation
In an effort to improve the correlation between model and test results, the Coefficient of Thermal Expansion (CTE) for beryllium from ambient to 30 K was varied orthotropically and spatially in the model. Note that rather large CTE deltas were used to increase the accuracy of the predicted deformations. Many cases were run that might be expected to produce either the dimple or the print-through. We show some results for four cases of interest in Figures 32-36 . Please note that Figure 32 shows the surface error with the Zerike terms for piston, tip, tilt and power removed, whereas Figures 33-36 show the surface error with 42 Zernike terms removed. The numerical results corresponding to the figures below are compared in Table  VIII to the measured values at 34 K. In the first case (Figures 32 and 33) , an effort was made to produce a dimple. Thus, a linearly varying radial CTE gradient was simulated in the mirror by imposing a like temperature distribution across the face (temperature was easier to vary in this manner than CTE). While this did produce a dimple (bump in IODA coordinate system) and some print-through, it also produced a large power change (even with dimple scaled to measured value) that was not seen in the measured data. In the other three cases, an effort was made to produce the print-through. So, for the case in Figure 34 , the CTE of the face of the mirror was increased by 3% in the horizontal (X) direction with respect to the nominal value to represent a simple XY CTE variation. While this did produce print-through that was very similar to that observed, it also produced 10 microns PV of astigmatism (with print-through scaled to measured value) that was not seen in the measured data. For the case in Figure 35 , the CTE of the face of the mirror was increased by 3% in all directions and that of the core or rib structure was decreased by 3% in all directions with respect to the nominal value. This would represent a change in mirror surface CTE due to grinding and polishing. Again, while this did produce print-through, it also produced 10 microns PV of power (with print-through scaled to measured value) that was not seen in the measured data. A similar result was obtained in Figure 36 where the CTE of the face of the mirror was again increased by 3% in all directions while that of the core was decreased by 3% only in the Z direction with respect to the nominal value. So, while certain CTE variations of a level possible in O-30 beryllium (around 1%) did produce the dimple and print-through in this model, none of them produced the exact cryo deformation that was measured. Work is continuing to model/explain these deformations. 
CONCLUSIONS
The finite element model results presented have been shown to closely approximate most of the lower order and some of the higher order changes that were measured for this lightweight mirror design. This correlation was enhanced through improvements in the model as well as in the modeling software (IODA). However, two significant effects (the dimple and print-through) seen in the measured cryo data have not yet been accurately captured in the model.
As noted in the introduction, very high-fidelity finite element models, especially of the mirror surface, are required to produce the accuracy necessary for prediction of optical performance. Other factors that must be accurately represented are material and section properties, applied loads, and boundary conditions. The model also proved sensitive to what are generally considered insignificant modifications in normal structural analysis. One example is the significant improvement due to the addition of the small mounting feet of the tripod and three bipods. Other important modifications to the model included the face-sheet mounting holes and the preloaded titanium fasteners for the tripod and bipods.
In closing, it should be noted that while the model presented here accurately predicts much of the measured cryogenic optical performance of the SBMD, this model is the result of several model updates that were, at least partly, instituted after reviewing the measured data. Some of the modifications were simply the result of discovering changes made to the hardware that were not part of the original design. The ultimate goal for our modeling team is the ability to accurately predict the cryogenic performance of such a lightweight mirror before any actual cryogenic test. This would help NASA to evaluate candidate mirror designs before manufacturing and predict on-orbit performance of NGST flight hardware.
